Abstract. Malignant gliomas are characterized by invasive and infiltrative behavior that generally involves the destruction of normal brain tissue. Strategies to treat infiltrating gliomas, such as chemotherapy and gene therapy, have remained largely unsuccessful. The infiltrative nature of gliomas can be attributed largely to proteases, which include serine, metallo-and cysteine-proteases. Our previous work and that of others strongly suggest a relationship between the expression of uPAR, MMP-9, and MMP-2; this relationship is generally indicative of the infiltrative phenotype of gliomas. In the present study, we have demonstrated that the RNAi-mediated downregulation of MMP-2 induces apoptosis in the 4910 human glioma xenograft cell line. Using Western blot analysis, we observed that caspase-8 levels increased in MMP-2-downregulated cells whereas TRADD and TRAF-2 levels decreased. Further, NIK levels increased in MMP-2-downregulated cells. To determine the nuclear localization of AIF and IκB·, we analyzed the levels of AIF, IκB· and pIκB· in the cytosolic and nuclear fractions of MMP-2-downregulated cells. Western blot analysis revealed that MMP-2 downregulation resulted in the translocation of AIF to the nucleus and also inhibited the nuclear localization of pIκB·. To confirm the involvement of AIF, we performed FACS analysis to determine the integrity of the mitochondrial membrane using the MitoPT method. FACS analysis showed that the downregulation of MMP-2 caused a collapse in the mitochondrial cell membrane. Immunolocalization of AIF revealed that in MMP-2-downregulated cells, AIF translocates to the nucleus, thereby enabling the induction of apoptosis. RT-PCR analysis revealed that caspase-8 was overexpressed 57-fold, whereas p73 was downregulated 28-fold. Evidence of apoptosis was determined by TUNEL assay and visualization of nuclear fragmentation by DAPI staining. In summary, it is evident from our results that MMP-2 downregulation induces caspase-8 and AIF-mediated apoptosis and, as such, shows potential for glioma therapy.
Introduction
Matrix metalloproteases (MMPs) are the largest group of ECM-degrading enzymes; so far, 22 members have been found in human tissue. MMPs are named according to the order in which they were identified (MMP 1-28), but several MMPs also have names based on functional or structural similarities. These subclasses include the collagenases (MMP-1, -8, -13, -18), which degrade collagen; the gelatinases (MMP-2, -9), which degrade denatured collagen and type IV collagen; matrilysin (MMP-7) and the stromelysins (MMP-3, -10, -11), which degrade proteoglycans; metalloelastase (MMP-12), which degrades elastin; and enamelysin , which degrades enamel (1) . The expression and activity of MMPs increase in most human cancer types; this expression and activity is generally associated with advanced tumor stage and poor survival. For example, the expression of MMP-2 and MMP-9 strongly correlates with glioma progression.
Nuclear factor-κB (NF-κB) is responsible for the expression and regulation of pro-and anti-apoptotic genes, including MMPs (2, 3) . The function of NF-κB is inhibited by binding to NF-κB inhibitor (IκB), and an imbalance in the levels of NF-κB and IκB has been associated with development of many diseases, including cancer. Phosphorylation of IκB causes it to dissociate from NF-κB, thereby enabling NF-κB to enter the nucleus and activate various genes. Conversely, de-phosphorylation of the NF-κB inhibitor IκB· inactivates NF-κB, arresting cellular proliferation and functioning, and thereby causing cells to undergo apoptotic or necrotic cell death with or without the involvement of the mitochondria (2, 4) . IκB· is not normally known to be present in the nucleus, regardless of its phosphorylation state, and as such, its presence in the nucleus indicates a disruption in IκB· inhibitory functioning.
Mitochondria are essential for cell survival, but they also play a major role in cell death, which results from the permeabilization of their membranes, and which known to be mediated by the activation of caspase-8 (5). Once mitochondrial membrane permeabilization (Δae collapse) occurs, cells die either by apoptosis or necrosis. Key factors regulating Δae include calcium, cellular redox status (including levels of reactive oxygen species) and the mobilization and targeting of mitochondria Bcl-2 family members. Hence, activating the collapse of Δae would be an important step in initiating apoptosis in glioma cells (5, 6) .
We demonstrate that MMP-2 downregulation in human glioma xenograft cells not only activates caspase-8 but also activates Δae collapse, which initiates the nuclear translocation of AIF, essentially initiating the extrinsic apoptotic pathway. These events also cause the nuclear dephosphorylation of IκB·, thereby inhibiting NF-κB. This study also demonstrates the existence of a feedback mechanism in glioma xenograft cells which require MMP-2 activity for normal function. Further study of this feedback mechanism may provide insight for the development of targeted molecular therapies specific to individual malignancies.
Materials and methods
Construction of hpRNA-expressing adenovirus. The adenovirus was constructed using an adenoviral pSuppressor kit (Imgenex) as previously described (7) . The pSuppressor plasmids (pSup-3) containing the MMP-2 siRNA sequence 5'-AACGGACAAAGAGTTGGCAGTATCGATACTGCC AACTCTTTGTCCGTT-3' were digested with PacI and cotransfected with a pAd vector backbone in 293 cells to generate an adenovirus containing MMP-2 siRNA (Ad-MMP-2). The pSV construct was used to construct an adenovirus containing the scrambled sequence (Ad-SV). Adenovirus generation, amplification and titer were carried out as previously described (8) . Viruses were plaque-purified, propagated on 293 cells and purified by cesium chloride gradient using standard techniques. Particle titers of all adenoviruses were determined by absorbance measurements at 260 nm, and functional titers (plaque-forming units) were determined by end-point dilution titration on 293 cells using standard techniques. The amount of infective adenoviral vector per cell (plaque-forming units/cell) in the culture medium was expressed as multiplicity of infection (MOI).
Cell lines and culture conditions. 4910 human glioma xenograft cells were maintained as a monolayer in DMEM/F12 medium supplemented with 10% FBS, 50 units/ml penicillin and 50 μg/ml streptomycin (Life Technologies Inc., Frederick, MD) at 37˚C in a humidified 5% CO 2 atmosphere.
Gelatin zymography. MMP activity in conditioned medium was determined by gelatinase zymography as described previously (9) . 4910 and 5310 human glioma xenograft cells were infected with mock, Ad-SV and the indicated doses of Ad-MMP-2 (2.5, 5 and 10 MOI) for 36 h. Cells were washed and incubated with serum-free medium overnight. Conditioned medium containing equal amounts of protein were electrophoresed in 7.5% SDS-polyacrylamide gels containing 1.5 mg/ml gelatin. The gels were washed and gently shaken in three consecutive washings in 2.5% Triton X-100 solution to remove SDS. The gels were then incubated at 37˚C overnight in incubation buffer [50 mmol/l Tris-HCl (pH 7.5), 0.05% NaN 3 , 5 mmol/l CaCl 2 and 1 μmol/l ZnCl 2 ]. Next, the gels were stained with 0.1% coomassie brilliant blue in 10% acetic acid and 10% isopropanol and subsequently destained for 1 h. Gelatinolytic activities were identified as clear zones of lysis against a dark background.
RT-PCR analysis. 4910 human glioma xenograft cells were infected with mock, Ad-SV and the indicated doses of Ad-MMP-2 (2.5, 5 and 10 MOI) for 36 h. The cells were collected and total cell RNA was isolated. Reverse transcriptase PCR was set up using appropriate MMP-2 specific primers (Table I ) using the PCR cycle [95˚C for 5 min (95˚C for 30 sec, 65˚C for 1 min 72˚C for 1 min) x30, 72˚C for 10 min]. The PCR product was quantified and plotted relative to GAPDH expression as arbitrary units.
Western blot analysis. 4910 human glioma xenograft cells were infected with mock, Ad-SV and the indicated doses of Ad-MMP-2 (2.5, 5 and 10 MOI) and incubated for 36 h. Cells were then collected, and total cell lysates were prepared in standard RIPA extraction buffer containing aprotinin and phenyl-methyl-sulfonyl-fluoride. Protein (20 μg) from these samples was separated under non-reducing conditions by 12% SDS-PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, NH). The membranes were immunoprobed for 2 h with antibodies against TRADD, TRAF-2, NIK and caspase-8 as per standard protocols. Next, membranes were treated with the appropriate HRPconjugated secondary antibody and then developed according to enhanced chemiluminescence protocol (Amersham, Arlington Heights, IL). For loading control, the membranes were stripped and probed with monoclonal antibodies for GAPDH as per standard protocol.
Immunohistochemical determination of AIF nuclear localization. 4910 glioma xenograft cells (1x10 3 ) were seeded in 8-well chamber slides, incubated for 24 h, infected with 10 MOI of Ad-SV (scrambled vector) or the indicated doses of Ad-MMP-2 (2.5, 5 or 10 MOI) for 48 h. The cells Table I . The primers used.
were then fixed and immunoprobed for AIF using a specific monoclonal antibody as per standard protocols. An HRPconjugated secondary antibody was used to visualize AIF in 4910 cells in conjunction with a DAB reagent.
Isolation of nuclear and cytoplasmic fractions. Nuclear extracts were prepared by disrupting human xenograft cells infected with either Ad-SV or the indicated doses of Ad-MMP-2 for 36 h in a sucrose-HEPES buffer containing 0.5% Nonidet P40 as a detergent, protease inhibitors and dithiothreitol. After a 5-min incubation on ice and centrifugation at 16,000 x g to pellet the nuclei, the supernatant contained the cytoplasmic extract. Nuclear proteins were separated in a sodium chloride-HEPES buffer and resuspended in a glycerolcontaining buffer. All procedures were carried out on ice. Protein quantification was determined using the Bradford assay. Cytoplasmic and nuclear extracts were Western blotted and immunoprobed for AIF and pIκb·.
Visualization of mitochondrial permeability transition. 4910 xenograft cells were cultured to 50% confluence and infected with either Ad-SV or Ad-MMP-2 (2.5, 5 and 10 MOI). Thirty-six hours after infection, the cells were trypsinized and resuspended in serum-free media containing 5,5',6,6'-tetrachloro-1,1'3,3'-tetraethylbenzamidazolocarbocyanin iodide (JC-1) using the MitoPT kit. After a 15 to 20-min incubation at 37˚C, the cells were fixed and observed for red/ green fluorescence. Cells were counted using a flow cytometer and results graphically represented.
In situ terminal-deoxy-transferase-mediated dUTP nick endlabeling (TUNEL) assay.
A TUNEL apoptosis detection kit (Upstate Biotechnology Inc, Lake Placid, NY) was used for DNA fragmentation fluorescence staining and carried out according to the manufacturer's protocol. Briefly, 4910 glioma xenograft cells grown on chamber slides were infected with either Ad-SV or Ad-MMP-2 (2.5, 5 and 10 MOI). Thirty-six hours after transfection, cells were fixed with 4% paraformaldehyde 0.1 M phosphate buffer (pH 7.4). Cells were then incubated with a reaction mix containing biotindUTP and terminal deoxynucleotidyl transferase for 60 min. Fluorescein-conjugated avidin was applied to the sample, which was then incubated in the dark for 30 min. Positivelystained fluorescein-labeled cells were visualized with fluorescence microscopy and quantified.
Visualization of apoptotic cells by nuclear staining. 4910 glioma xenograft cells were cultured on 6-well chamber slides and infected with either Ad-SV or Ad-MMP-2 (2.5, 5 and 10 MOI). Thirty-six hours after transfection, glass cover slips were mounted using DAPI-containing mounting media (Vector Laboratories, Burlingame, CA). The slides were allowed to rest for 20 min in the dark. Cells were observed for the nuclear fragmentation indicative of apoptosis with a fluorescent microscope and photographed using a high resolution CCD camera. Ten fields were photographed and the percentage of apoptotic cells compared to the average number of cells per field was determined and graphically represented. Real-time PCR assay. The human apoptosis signaling pathway RT2 2 Profiler™ PCR Array was used to profile the expression of 84 genes related to the apoptosis signaling pathway. Human glioma xenograft cells were infected with either Ad-SV or Ad-MMP-2 (10 MOI). Total RNA was isolated from treated and control cells and mRNA was further isolated using oligo(dt)-conjugated paramagnetic particles. cDNA was synthesized from the purified mRNA as per standard protocol. 96-well plates with appropriate PCRprimers were used and the target cDNAs amplified using SYBR-Green master mix. PCR reaction was set and optical acquisition was at the annealing step [95˚C for 5 min (95˚C for 30 sec, 55˚C for 1 min optical acquisition, 72˚C for 1 min) x35, 72˚C for 10 min] using the Bio-Rad iCycler. Ct values were plotted and fold change determined by 2 -Ct(experiment)-Ct(Control) . Appropriate internal controls for mRNA and genomic DNA were included.
Results

RNAi-mediated MMP-2 downregulation activates caspase-8 and NIK.
Overexpression of MMP-2 is characteristic of infiltrative and metastatic cancers. To retard the infiltrative character of 4910 glioma xenograft cells, we developed a siRNA-expressing adenovirus targeting MMP-2. The cells were cultured in vitro and infected with Ad-MMP-2 at the indicated MOI. From the results of gelatin zymography, we observed that infection with Ad-MMP-2 caused a dosedependent decrease in MMP-2 activity (Fig. 1A) . These findings were supported by the RT-PCR analysis where we observed that the levels of MMP-2 mRNA decreased in a dose-dependent manner, which correlates with the results of the gelatin zymography analysis (Fig. 1B) . To determine the apoptotic state, we measured the activation of caspase-8 in MMP-2-downregulated cells. From the Western blot analysis, caspase activation was seen to increase in a dose-dependent manner in cells downregulated for MMP-2. We also determined the levels of the TNFR-associated proteins TRADD, TRAF-2 and NIK. We observed that levels of TRADD and TRAF-2 decreased with an increase in caspase activation. NIK levels were similar to activated caspase-8 and showed an increase in a dose-dependent manner after MMP-2 downregulation (Figs. 1C and D) .
Downregulation of MMP-2 activates the nuclear translocation of AIF in a time-and dose-dependent manner.
Initiation of apoptotic events may involve the mitochondria. A collapse in the mitochondrial membrane is accompanied by the release of AIF, which is translocated to the nucleus and activates nuclear fragmentation. To determine the nuclear translocation of AIF, we performed immunohistochemical analysis of AIF on glioma xenograft cells downregulated for MMP-2. From the immunolocalization studies of AIF in control, Ad-SV-infected and Ad-MMP-2-infected 4910 glioma xenograft cells, we observed that AIF was localized in the cell nucleus rather than in the cytoplasm in Ad-MMP-2-infected cells as compared to the controls in a dosedependent manner (Fig. 2A) . The rate of AIF translocation was determined by conducting a time-course study of AIF nuclear translocation at 6, 12, 24, 48 and 72 h after infection with Ad-SV (10 MOI) or Ad-MMP-2 (2.5, 5 or 10 MOI). We determined that, at 6 h after infection, cells infected with 10 MOI of Ad-MMP-2 showed 15% nuclear translocation, whereas cells infected with 2.5 and 5 MOI of Ad-MMP-2 were similar to controls (5-7%). At 12 h after infection, cells infected with Ad-MMP-2 at 10 MOI showed 30% nuclear translocation of AIF, whereas cells infected with 2.5 and 5 MOI showed 10 and ~15% nuclear localization, respectively. Similarly, at 24 h, cells infected with 10 MOI of Ad-MMP-2 showed 50% AIF nuclear translocation, while cells infected with 2.5 and 5 MOI Ad-MMP-2 showed 12 and 22% AIF nuclear translocation, respectively. After 48 h, cells infected with 10 MOI showed 62% AIF nuclear translocation while cells infected with 5 and 2.5 MOI showed 28 and 17% AIF nuclear translocation, respectively. Finally, after 72 h, cells infected with 10 MOI showed 70%, 5 MOI showed 35% and 2.5 MOI showed 25% nuclear translocation of AIF (Fig. 2B) .
Downregulation of MMP-2 causes the nuclear accumulation of AIF and inhibits the nuclear accumulation of pIκb· in a dose-dependent manner. To determine the nuclear localization of AIF and pIκb·, the expression levels of both were determined by Western blot analysis of the nuclear and cytoplasmic extracts of Ad-MMP-2-infected cells. From the Western blot analysis, we observed that Ad-MMP-2 infection activated the nuclear localization of AIF and inhibits nuclear localization of pIκb· in 4910 human glioma xenograft in a dose-dependent manner (Fig. 3A) . Quantitative analysis revealed that, under control conditions, no detectable levels of AIF were observed whereas after infection with Ad-MMP-2, nuclear localization of AIF increased in a dose-dependent manner. Significant levels of pIκb· were observed in the nucleus under control conditions whereas after Ad-MMP-2 infection, nuclear levels of pIκb· were reduced in a dosedependent manner up to 2-fold, as seen in cells infected with 10 MOI of Ad-MMP-2 (Fig. 3B) .
Downregulation of MMP-2 induces a collapse in the mitochondrial Δae.
To determine the involvement of mitochondrial membrane potential after MMP-2 downregulation, 4910 glioma xenograft cells (1x10 6 ) were seeded and infected with Ad-SV (10 MOI) or Ad-MMP-2 (2.5, 5 or 10 MOI), followed by staining with JC-1 (MitoPT) mitochondrial Δae indicator specific dye and photographed using fluorescent microscopy. Quantitative analysis of mitochondrial membrane potential collapse was carried out by FACS analysis. From the results, we observed that, in Ad-MMP-2 infected cells, mitochondrial Δae collapse was demonstrated by a decrease in red fluorescence in a dose-dependent manner (Fig. 4A) . FACS analysis revealed that downregulation of MMP-2 caused a dosedependent increase in mitochondrial Δae collapse, with the maximum effect seen after infection with 10 MOI (Fig. 4B) . 
Downregulation of MMP-2 induces nuclear and DNA fragmentation in a dose-dependent manner.
To determine the induction of nuclear fragmentation, 4910 glioma xenograft cells (1x10 3 ) were seeded in 8-well chamber slides, incubated for 24 h and infected with Ad-SV (10 MOI) or Ad-MMP-2 (2.5, 5 or 10 MOI) for 36 h. TUNEL assay was performed to determine DNA fragmentation. In a duplicate set, cells were stained with DAPI nuclear stain to determine the extent of nuclear fragmentation. From the TUNEL assay, we determined that DNA fragmentation was initiated in a dose-dependent manner after Ad-MMP-2 infection when compared to controls. About 80% of cells infected with 10 MOI of Ad-MMP-2 were TUNEL-positive. Of cells infected with 5 MOI, 25% cells were TUNEL-positive and when infected with 2.5 MOI, 15% cells were TUNEL-positive (Fig. 5A ). DAPI staining revealed nuclear condensation in a dose-dependent manner in cells infected with Ad-MMP-2 (Fig. 5B ). Quantitative analysis of nuclear condensation revealed that cells infected with 10 MOI of Ad-MMP-2 showed up to 70% cells with nuclear condensation, and cells infected with 5 and 2.5 MOI showed up to 50 and 35% nuclear condensation, respectively (Fig. 5C) .
Downregulation of MMP-2 causes upregulation of caspase-8 mRNA and downregulation of TP73 mRNA.
To survey the molecular events in relation to apoptosis, we used the human apoptosis pathway RT2 2 Profiler™ PCR Array to profile the expression of genes related to the apoptotic pathway after MMP-2 downregulation in human glioma xenograft cells. The results show that the expression of caspase-8 increased 57-fold while levels of TP73 decreased 28-fold when compared to controls (Fig. 6A) . Scatter plot of the test versus control samples are shown to demonstrate the validity of the experiment (Fig. 6B) .
Discussion
Matrix metalloproteinases (MMPs) play an important role in the degradation of extracellular matrix (ECM) under various physiological and pathological conditions. Accumulated evidence suggest that MMPs contribute to tumor cell invasion of the surrounding normal tissue and metastasis through cell surface ECM degradation. Strong correlations have been reported between elevated MMP levels and tumor cell invasiveness in human gliomas. Among them, attention has been focused on gelatinases (MMP-2 and MMP-9) and membrane type MMPs (MT-MMPs) (10) . Previously, researchers have demonstrated that targeting MMP-2 via siRNA caused reduction in invasion and growth of laryngeal squamous cell carcinoma tumors (11) . In the present study, we have used adenovirus-based siRNA to target MMP-2 expression. Our results demonstrate that specific targeting of MMP-2 via siRNA caused a decrease in enzymatic activity accompanied by a decrease in mRNA expression levels, which indicates degradation of mRNA molecules and the RNAi effect of our construct.
Apoptosis is a programmed form of cell death with welldefined morphological traits that are often associated with activation of caspases. Apoptotic pathways are activated by death receptors of the tumor necrosis factor (TNF) family, such as Fas, TNFR1, or the TRAIL receptors DR4 and DR5. These are the most well-characterized apoptosis pathways, and many of our ideas about apoptosis regulation come from studying them. Apoptotic cell death from such receptors occurs because of the recruitment of the adaptor protein FADD, which in turn recruits the pro-form of caspase-8. Aggregation of pro-caspase-8 leads to its activation and the subsequent activation of effector caspases such as caspase-3. These apoptotic signals can be amplified through the mitochondria and inhibited through the action of competing molecules such as the inhibitor c-FLIP, which binds to the receptor complex in place of caspase-8 (12) . Researchers have even attempted to overexpress caspase-8 molecules in glioma cells for therapeutic purposes (13) . In the present study, we downregulated MMP-2, which is known to be overexpressed in malignant tumors, and determined the activation of caspase-8 both at the mRNA and protein levels using Western blot analysis and real-time RT-PCR.
Researchers have shown that overexpression of caspase-8 induced apoptosis in U251 and U-373MG glioma cells, but it did not induce apoptosis in human endothelial cells, fibroblasts and nerve growth factor-treated PC12 cells (13) . As such, overexpression of a protein may possess deleterious effects when considered in vivo, though the addition of a proapoptotic molecule in an in vivo system does not rule out offtarget effects. Recently, researchers have demonstrated a direct role for caspase-8-mediated proteolysis in promoting gene transcription (14) . These studies indicate that caspase-8 overexpression could have unforeseen effects in clinical settings.
RNAi-mediated targeting of MMP-2 gene expression targets the mRNA expression levels and thereby causes a decrease in MMP-2 activity. Since gliomas overexpress large quantities of MMP-2, targeting MMP-2 expression causes a decrease in invasion and migration of tumors both in vitro and in vivo (15) . Here, we have demonstrated that MMP-2 downregulation also causes the activation of caspase-8. We have also observed that the overexpression of caspase-8 is accompanied by the upregulation of NIK and the downregulation of TRADD and TRAF-2. It has been demonstrated that pretreatment of B16F10 melanoma cells with anti-MMP-2 antibody along with anti-MMP-9 antibody drastically inhibited the OPN-induced cell migration and chemo-invasion, whereas cells pretreated with anti-MMP-2 antibody had no effect on OPN-induced pro-MMP-9 activation, suggesting that OPN induces pro-MMP-2 and pro-MMP-9 activation through two distinct pathways (16) . These results indicate that NIK and MMP-2 may possess feedback inhibition where MMP-2 is the dominant molecule.
TNF and Fas-L have been shown to induce the caspase cascade by binding and activating their membrane receptors, TNF receptor-1 (TNFR1) and Fas, respectively. TNFR1 associates with the TNFR-associated death domain protein (TRADD) through the death domain-death domain interaction in the cytoplasm. Similarly, Fas associates with the Fas-associated death domain protein (FADD) through the death domain-death domain interaction. FADD has another important domain, the death effector domain (DED) (17) . It is known that the interaction of caspase-8, an initiator caspase, with FADD results in the activation of caspase-8, thereby leading to the activation of downstream caspases, including caspase-3. In the present study, the activation of caspase-8 is accompanied by decreases in the levels of the adaptor molecules TRADD and TRAF-2. The activation of caspase-8 may not require the association with TRADD or TRAF-2. Its activation may actually be enhanced by its dissociation from the adaptor molecules. The reason for the dissociation of procaspase-8 from TRADD and TRAF-2 is still not clear but may be due to the conformational changes of TNFR, which would cause the dissociation of TRADD and TRAF-2 and thereby activate caspase-8.
In the present study, MMP-2 downregulation has apparently caused the activation of caspase-8. Among MMPs, the expression of the gelatinases MMP-2 and MMP-9 strongly correlates with glioma progression (18) . Since MMP-2 is also a transient cell surface protease bound to receptors like CD44 via the PEX domain, it may provide a protective role to Fas receptors. The conserved binding ability of the HPX domains has been shown suggesting that CD44H may act as a core molecule assembling multiple MT-MMPs and possibly MMP-2 and MMP-9 on the cell surface (19) . It was also shown that the PEX/HPX domain of MT1-MMP was indispensable in promoting cell migration and CD44H shedding (20) . All these studies support the fact that the presence of MMP-2 on the cell surface somehow prevents the activation of caspase-8 via the TRADD/TRAF-2 association.
We have also observed that MMP-2 downregulation is accompanied by the nuclear translocation of AIF from the mitochondria. AIF (apoptosis-inducing factor) is another mitochondrial protein that is released into the cytoplasm during apoptosis (21) . AIF, which is identical to programmed cell death 8, is a 57 kDa flavoprotein that is homologous to oxidoreductases in bacteria. It contains two mitochondrial localization sequences as well as two nuclear localization signal sequences. AIF resides in the intermembrane space of the mitochondria, and when apoptotic signals arrive at the mitochondria, it can translocate to the cytoplasm and nucleus. In the nucleus, AIF is thought to increase chromatin condensation and large-scale DNA fragmentation by unknown mechanisms. AIF also seems to be involved in an increase in the release of cytochrome c, a dissipation of mitochondrial transmembrane potential and an exposure of phosphatidylserine to the cell surface. These effects of AIF are not inhibited by inhibitors of caspases, suggesting that AIF induces a caspase-independent apoptosis (17) .
From our immunohistochemical studies and Western blot analysis of nuclear and cytoplasmic proteins, it is evident that AIF shows nuclear translocation with MMP-2 downregulation in a dose-dependent manner. The release of AIF from the mitochondria is initiated by pro-apoptotic signals to the mitochondria. In our previous study, we showed that activation of caspase-8 is accompanied by the release of cytochrome c and cleavage of PARP, which is indicative of Fas-mediated apoptosis (22) . The mechanism for initiating apoptotic events via the mitochondria caused by downregulating cell surface components is still not clear.
From the results of the present study, it is clear that MMP-2 downregulation caused mitochondrial Δae collapse accompanied by the nuclear translocation of AIF. We also observed that pIκb· levels in the nucleus decreased with increasing MOI of Ad-MMP-2, indicating that downregulation of MMP-2 caused the decrease in pIκb· expression in the nucleus. It is known that pIκb· regulates NF-κB nuclear transport. NF-κB is a key regulator of stress-induced transcriptional activation and has been implicated in mediating primary or acquired apoptosis resistance in various cancers (23) . By retarding the nuclear transport of NF-κB, survival molecules may be underexpressed and may trigger mitochondrial or caspase-mediated apoptosis as seen in our experiments. Our MitoPT experiments confirm a collapse in mitochondrial Δae. The results from Western blot, immunolocalization and nuclear condensation studies show that MMP-2 down-regulation triggers activation of caspase-8 and mitochondrial-mediated apoptosis. Activation of pre-existing caspase-8 could be due to the influence of cell surface TNFR and associated molecules TRADD and TRAF-2, which need not account for the upregulation of caspase-8 mRNA levels. We observed that levels of caspase-8 mRNA were overexpressed 57-fold, thereby indicating an active regulation of caspase-8 gene and the initiation of apoptotic machinery.
In addition, the levels of TP73 were downregulated more than 28-fold. TP73 was initially described as a homologue of the tumor suppressor p53. TP73 drew the attention of tumor biologists because it is rarely mutated in human cancers and can induce cell cycle arrest and apoptosis by activating genes also regulated by p53. However, TP73 harbors an additional promoter that produces a dominant negative p73 protein (ΔNp73), which has the opposite effect of the TAp73 protein.
Thus, the regulation of p53-responsive genes in the absence of p53 relies on a critical balance between different p73 gene-derived proteins. The molecular mechanism through which p73 induces apoptosis involves (i) expression and changes in subcellular localization of scotin, producing an endoplasmic reticulum (ER) stress; and (ii) transactivation of PUMA and Bax, thus determining cell fate. On the contrary, ΔNp73 inhibits apoptosis, thus contributing to the oncogenic potential of neuroblastoma cells (24) . The identification of the TP73 isoform in our cell line would shed light on the mechanisms of TP73 regulation and its role in cell cycle regulation. Taken together, our results suggest the importance of modulating protease regulation as a potential apoptotic inducer with therapeutic possibilities.
